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= Physics of Intensity Frontier

Near-Term:
Muon campus, Mu2e, and g -2

physics impact, feasibility, and role in world program

SeaQuest
physics goals and status

Mid-Range:
Kaons and ORKA

potential and status

Long-Term Project X

Evolution of program
. cLFVand g,-2
Kaons and Electric Dipole Moment

Summary
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Interconnections in a Unified Program

Neutrino oscillation,
Neutrinos: nature, mass, sterile neutrinos:
< >

impact on cosmic evolution =Y

Leptogenesis
New Interactions:

Particles present at the
dawn of the Universe

Charged LFV
< > Muon g,-2

Neutrino NSI
Electroweak Kaons

Baryogenesis
Baryon Asymmetry: s 5 EDMs
B, CP, non equilibrium T-violation
- Kaons
After V. Cirigliano

* -
3 Robert Bernstein, Fermilab Annual S&T Review, Sept. 5-7, 2012 3¢ Fermilab




Physics Reach of Intensity Frontier

B Current B Future

Proton decay
eutrinos (LNV)
LFV (muons)
Quark FCNC

EDMs* ,
(g-2;* ‘. \

CC (P)* / Rare / Forbidden processes:
cc V) Precision measurements: b L LF, CP violation searches

CC (§,T)* All overlap with LHC reach. have largest reach -- special
NC (Moller) All relevant in the program of ~Status of “flagship” searches

NC (eq) reconstructing the new SM
(“LHC inverse problem™)

4 6 8 10 12 14 16
EWSB

L0g| 0 [/\MAx(GeV)]

after V. Cirigliano 2% -
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Interrelations between Mu2e, Neutrinos, and g -2

- Almost all extensions of the Standard Model (SM) predict
cLFV

the scale of new physics is = 100 TeV/c? from the existing limits

- Neutrino Oscillations (aka neutral Lepton Flavor
Violation) are linked to their charged LFV counterpart

models that predict cLFV are constrained and informed by
oscillation measurements

- The g -2 anomaly is encouraging

flavor conserving transitions are often accompanied by flavor
changing transitions at a mass scale observable by Mu2e

* -
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Physics at the Muon Campus:
A new program in this decade

* -
Robert Bernstein, Fermilab Annual S&T Review, Sept. 5-7, 2012 A Fermilab




The Muon Campus Enables a Near-Term
Program

Re-purposing antiproton complex to provide world-
leading muon program starting ~2016

Will discuss physics reach and plans for
. MuZ2e

: g“-2
. Later, extensions to PX

Project Details: technical issues, cost, schedule in
breakouts
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Charged Lepton Flavor Violation and
MuZ2e at Fermilab

* -
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MuZ2e: the first step

- Search for NN — ¢ N)

:F(u_N — all captures)
- Make an intense negative muon beam: 10'%/sec
Hottest muon beam in the world, at FNAL Muon Campus

<6x10™" at 90% CL

e

- Stop muons in a target and let them be captured
by a nucleus

Signal is a monoenergetic 105 MeV electron

Al Nucleus: 4 fm
1s State: 20 fm
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MuZ2e: Potential Signal

Final signal
Reconstructed momentum from SU SY—Ilke

7.56e+17 stopped muons |— DIO .
1e-15 Conversion Rate rate Wlth d | I
0.577<tan(\)<1.000 103.30 MeV/c < P <104.70 MeV/c
10>710.0 nsec . DIO integral = 0.208 = 0.009 cuts
nactive>=25 Conv. integral = 46.717 + 0.464

t0err<1.0 ~4O eve ntS | N

fitmomerr<0.18

fitcon>1e-3 signal window
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. . reconstruction

101 101.5 102 . 105 1055 106 Wlth aCCIdentaIS
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and

backgrounds

* -
Robert Bernstein, Fermilab Annual S&T Review, Sept. 5-7, 2012 3¢ Fermilab




What Physics is Explored in Mu2e?

MuZ2e will set a Supersymmetry Compositeness Leptoquark
NN Mg =
limit four orders-of- Ao~3000TeV 3000 (g TV
magnitude below - - ¢ e

current limits 00— a
Or see a signal R

What are the Heavy Neutrinos  Second Higgs Doublet Heavy 2
o Anomal. Z Coupling
PRysICs UnUoh?~8x103 g(H,) ~104g(H,,)

implications? Mz = 3000 TeVic!

From W. Marciano
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MuZ2e has discriminating power on its own

1 toeattan(@ = 10

PMNS-case
... CKM-case X ... ..

- SINDRUM II (Ti). existing

measurement

Mu2e At PX

600 800 1000 1200 1400 1600

M1/2 (G@V)
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And among models, especially when
combined with other experiments

C. Albright and M.
Chen, arXiv:

0802.4228, PRD § MEG Upgrade

D77:113010, 2008.

PSI/SINDRUM II zN -

AB model
= CM model
CY model

DR model
GK model

SO(10)

BR(u+ Ti-> e+ Ti)

-10 09

10
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Not just SUSY: Littlest Higgs,
Randall-Sundrum, and more

po Ti— e Ti
MEG Up gr.ade w
; ed,

MuZ2e has enormous power,

especially when combined with MEG
M. Blanke et al., arXiv:hep-ph/0702136v3

* -
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“Model-Independent” Form

K _ _
Ro'/.weLFl'w + (K, i 1)A2 (uL'Y”'UJL + dL'Y“dL)

7’

K

<L S
T

Mass Scale 4

~

N n n

k=10 K= 00

SUSY and ur—ey Leptoquarks, Heavy Z,...
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Muon-Electron Conversion and u*—ey

MuZ2e sees both loop
and contact terms
with a mass reach to
~104 TeV/c?

MEG upgrade
roughly comparable
on SUSY end

B( u— e conv in ZAl)=10""°

Only multiple MEG Upgrade

experiments can pin
down theory

D
M
O
%
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®©
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34 Experiment in \

suite: ut —etete”
LOI at PSI -
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MuZ2e is “No-Lose”

If MuZ2e sees a signal,
it is unambiguous proof of new physics
(SM background ~10-°%)

. Huge discrimination power among BSM possibilities
. Unique information and reach far beyond LHC
. But Mu2e complements LHC discoveries or limits

If MuZ2e does not see a signal, sets severe constraints

. Most NP models predict Mu2e should see a signal
~ 10-100 events

* -
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Mu2e Method This technology is closely

related to that of neutrino

_ . . factories and muon colliders
- Three Superconducting Solenoids

Target 8 GeV protons inside first “production” solenoid
Transport daughter muons in S-shaped “transport” solenoid
Bring muons to rest in final “detector” solenoid

Production solenoid (PS)

Transport solenoid (TS)

Detector solenoid (DS)
Proton beam

=

Tracker

Production target Muon stopping target

Calorimeter
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Mu2e Schedule

CD-1: 12 July
2012

CD-2/3a next
year

Exploring ways
to speed up
schedule

(details in
breakout)

Will start
operations in
early FY20

* -
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The MuZ2e Collaboration

Boston University

Brookhaven National
Laboratory

University of California,
Berkeley

Lawrence Berkeley National
Laboratory

University of California, Irvine

California Institute of
Technology

City University of New York
Duke University
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Fermi National Accelerator
Laboratory

Lewis University

University of lllinois, Urbana-
Champaign

University of Massachusetts,
Amherst Muons, Inc.

Northwestern University
Northern lllinois University
Rice University

University of Houston
University of Virginia
University of Washington

H

Instituto Nazionale di Fisica
Nucleare Pisa

Instituto Nazionale di Fisica
Nucleare, Lecce

Laboratori Nazionali di
Frascati

—

Institute for Nuclear
Research, Moscow

Joint Institute for Nuclear
Research, Dubna

> 130 collaborators

> Strong INFN component
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World Context: Others Are Pursuing this
Physics

- PSI:
ut—ey : MEG is preparing an upgrade proposal
The upgrade is close to Mu2e on the SUSY end but still

does not cover the “non-SUSY” end, giving Mu2e unique
reach

utr—etete
LOI is submitted, proposal under development, schedule
unclear

Are both great experiments that could be part of PX
J-PARC

two proposed muon-electron conversion experiments at
intermediate sensitivity: x10-x100 better than existing
DeeMe: proposed ~2015
COMET Phase I: ~2017

COMET Phase II: roughly equal to Mu2e ~2022
- - - 3% Fermilab
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MuZ2e Conclusions

- Physics of cLFV is universally agreed to be
compelling

Theory community, review panels endorsed it, and
two other Laboratories are actively pursuing it

250 papers since 2009, 74 with > 50 citations

- MuZ2e will either yield either major constraints
or a major discovery
Integral part of program with g-2 and Muon Campus

- And it leads to a cLFV program at Project X
(more later)

* -
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Muon g,-2 at Fermilab

* -
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g,-2: What is Nature Trying to Tell Us?

- Many arguments about whether the anomaly is
290r3.20r3.60

- Step Back: this is a large effect with major
implications if NP

I_-Izl\ggl;l's(1)7 (e*e -based)

S

Dafergt el 09/t (vbased) If the current discrepancy persists,
_Davig_rr etal. 09/1 (e’e") . -11
e oo reducing the exp error to 16 x 10

HLMNT 10 (e"” w/ BABAR) = 5.60 discove ry

R Theory projected to be reduced
to 30 x 10" over same period
= 8.40 discovery

DHMZ 10 (e*e” newest)
—287 +49

BNL-E821 (world average)
0163

-700  -600 -500 -400 -300 -200 -
. expt —-11
a,—a,” x10

* -
Robert Bernstein, Fermilab Annual S&T Review, Sept. 5-7, 2012 3¢ Fermilab




g,-2: generic form

- Usual SUSY expression:
Aa, ~130x107" tan B sgn i (

100 GeV)z
M

SUSY

- More generally than SUSY,

5mu(N.P.))

Aa,(NP)=0(1)x (%)2 x(

m
u
- NP terms span a wide range:

New weakly interacting massive particles:

. Radiative muon mass generation: can be quite large
2

oc 7
e lem? U F
A. Czarnecki and W. Marciano, Phys. Rev. D 64, 013014 (2001)
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Role of g -2 in the LHC Era

- New Physics (NP)at
the LHC, then g -2
will resolve

ambiguities among [ | \
NP Models ar

If no NP, then 3 |
preCiSion ;’mh=ll4(;ev

T2 4 6 8 10 12 14 16
tan g

P mge =104 Gev

measurements such
as g,-2 are the only
way to probe high : .

energy scales gavgino mass mp GV e

WMAP
restrictions

scalar mass mg (GeV)

* ]
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g,-2 makes other experiments more
powerful

Example:
Combined with Mu2e and y—ey

220
C.E. Yaguma

|

200 +
~ tan 3 from g-2 central value in MSSM

180

Sgn u
el S accessible
u<o

C. E. Yaguma, hep-ph/0502014v2

* -
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g,-2 and Dark Photons: Complementary
to Energy Frontier

- Old idea: if there is an additional U(1) symmetry, there will
be mixing between the photon and new gauge boson

JLab: APEX expt, DarkLight proposal

Holdom, Phys. Lett. B166, 1986

9,2 X"

["‘:' ‘," =
| ;',! ;ﬂi
3 APEX W BELLE
Test <
iDarkLight .
i XN/ (similar range 8 p
. ! y A

= : (&
= lX}/”(au—lgDVu)X—EV“ F,

Muon g,-2 sensitive to new U(1) gauge force that couples dark

sector to charged SM particles >~ :
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And g -2 may be related to Higgs Physics

- Example: explaining diphoton excess:
New “vector-like” fermions and gauge boson

Z ,decay mimics

H—vyy

"kinetic mixing" term gV"‘VFW
Also the right size to explain g -2

And possible extension to Dark Matter as before

Davoudiasl, Lee and Marciano arXiv:1208.2973

* -
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Experimental Method of g -2 in a Storage

' B B
Ring 5= g, 5 —HI-1)=
m,c ym,c

2
8
£
3
o

38 40 0 692 694 696 698
time (us) time (us)
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Reduce, Reuse, Recycle: Bring to FNAL

- Made Possible by Proton Improvement Plan

20 Booster cycles per NOvVA cycle (1.33 sec)
12 NOVA cycles stored in Recycler before transfer to Ml
Remaining 8 Booster cycles available for other experiments
MiniBooNE experience, 1 Booster cycle -> 0.6e20 POT/year
Protons to Mu2e
Main Injector

Booster
Cycles

Protons to g-2 Protons to NOVA

Protons to MicroBooNE

* -
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Re-use of the Complex and the new Muon
Campus : - :

Recycler Ring 1

-

Recycler

“Lithium Lens” that was
used to make antiprotons

And Accumulator/
Debuncher complex for

. Beam Tranfer af;d
Delivery to g,-2 and MuZ2e Dolivery Ring

Booster ,.,;;"

0 \
=L\

* -
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Partial List of Re-Used Infrastructure
used in overall Muon Campus

From BNL:
g,-2 ring!
g,~2 beamline elements

Antiproton Complex
Debuncher Ring
Lithium Lens
AP transfer lines
AP-0 Target Station
AP-2/Accumulator Magnets

Magnets, pumps, stands and
other Accumulator Ring
components

Main Injector RF ferrites

Robert Bernstein, Fermilab Annual S&T Review, Sept. 5-7, 2012

Tevatron

Damper System
Satellite refrigerators

N, and He storage tanks
Cryogenics line

High Temperature
Superconducting Leads
Shielding Steel
Transformers

Vacuum Equipment
Loss Monitors

Beam Position Monitor
electronics

Crates
Control Cards

Miscellaneous Instrumentation

2% Fermilab




The Storage Ring: ~$50M replacement cost
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New Technology is Used Across Experiments

15 ym straw

- Straw Chambers in Vacuum wall (kapton or
mylar)

- Also adopted by Mu2e and
CERN NAG2 kaon exp’t

Brendan Casey: Early Career Research Award

* -
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K.S. Babu et al.,Phys. Rev. D 64 (2001) 053009
J. Feng et al. ,arXiv:hep-ph/0107182v1

EDMs and g -2

EDMs are a unique and powerful probe into non-CKM
sources of CP violation (strong CP)

Muon EDM in the SM < 10-3¢; a discovery is NP

Most models predict linear scaling, so electron EDM provides a
strong constraint: d.< 1.6x 10-%” e-cm

But some predict quadratic or cubic scaling
Booster g -2 will get a simultaneous muon EDM

measurement to ~1021 e-cm
Current best limit from BNL g,-2 of 1.8x10-1?

* -
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g,-2: World Program

Booster experiment uses magic momentum

Set p such that this term is zero Normally negligible

- J-PARC is interested in this physics with a very
different technique still to be demonstrated

- FNAL g,-2 has the world stage

* -
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Muon Campus, Mu2e and gp-2 Schedule

-Muon Campus

iz i3 A i consistent with
ai/a2|a3|as]|a1|az]|a3|as|ai]|az2|a3|as]a1|az]|a3|as : _
keeping g -2 and

GPP Project 1 MC-1 Building

GPP Project 2 MC Beamline Enclosure M u 2 e on teCh n |Ca | Iy_

GPP Project 3 MC Site Preparation

GPP Project 4 MC Mechanical Upgrades d rlve n SCh ed u |eS

AIP Project 5 MC Cryo Plant
AIP Project 6 MC Debuncher Upgrades .g U_2 read y fO r d ata
at start of 2016

2012 2013 2014 2015 2016
JFMAM)]ASONDD FMAMI)]ASONDD FMAMIIJASONDD FMAMII)ASONDD FMAMI I ASOND

Muon g-2 Project Approval Schedule
CD-0: Mission need .
CD-1: Conceptual design and cost range .
CD-2/3: Prelfinal finish, start construction .

CD-4: Ready for operation -

Critical Path
MC-1 Bldg planning
MC-1 Construction
Dissassemble BNL ring/beam
Shipping window (barge)
Reassemble ring/upgrades
Cryo bldg construction
Cryo plant construction
Field shimming

* -
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The g,-2 Collaboration

Argonne National University of Massachusetts, KEK

Laboratory Amherst Instituto Nazionale di Fisica
Boston University University of Michigan Nucleare, Lecce

Brookhaven National Laboratory Muons, Inc. Laboratori Nazionali di Frascati
Cornell University Northwestern University
Fermi National Accelerator Laboratory University of Virginia University of
University of lllinois, Urbana- Washington
Champaign York College, CUNY
James Madison University

University of Kentucky ~1 60

Duke University
COLLABORATORS Joint Institute for Nuclear

Research, Dubna
Petersburg Nuclear Physics

»
* 17 Institute
*
¥

Shanghai Jio Tong University Technische Universitat Dresden  University of Groeningen, KVI
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SeaQuest: Structure of the Proton

* -
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Physics of SeaQuest

What is the origin of the sea in the nucleon?
Use Drell-Yan scattering

Do nucleons change their internal properties when
embedded in a nucleus?

What can the sea parton distributions tell us about the
effects of nuclear binding?

Is confinement influenced by the nuclear medium?

Are nuclear effects with the weak interaction the
same as with the electromagnetic interaction?

Intermediate-x sea PDF’s and v DIS
. Link to FNAL’s MINERVA, NuTeV, ...

* -
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What is the origin of the sea in the nucleon?

- Sea asymmetries are important for
understanding QCD

- Whatis d(x)/u(x)?

@ 119006
3410 POT

B E866
A NASI
— MRS2
CTEQ4m

Blue previous generation;
Red expected SeaQuest Errors
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Do nucleons change their internal
properties when embedded in a nucleus?

- We've been asking this since the discovery of
the EMC effect

DIS Ca/Deuterium DY Ca/Deuterium

© EMC 4 E136
* NMC <+ E665

Agreement?

need more
data

* -
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What Will SeaQuest Add?

Models vary widely: all was well with EMC-based model
(Coester) until it clearly disagreed with Drell-Yan E772

SeaQuest examines x < 0.45 with much smaller errors

>2 materials enable comparisons to v-DIS through
MINERVA

® E772 Drell-Yan - Coester
W E772 Drell-Yan © W\MC DIS 9 ) . . _—
® E906 Drell-Yan BI139 DIS T ey yan e Jung and Miller
Protodd ALE665 RC DIS P /== Browneet al.
(Frofos ) Close et al.

Miller

-0 01 02 03 04 05 06 07
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Reduce, Reuse, Recycle:

St. 4 Prop Tubes: Homeland Security via Los Alamos
St. 3 & 4 Hodo PMT’s: E-866, HERMES, KTeV

St. 1 & 2 Hodoscopes: HERMES
St. 2 & 3- tracking: E-866

St. 2 Support Structure: KTeV
Target Flasks: E-866

Cables: KTeV

nd Magnet: KTeV Analysis Magnet
Hadron Absorber: Fermilab Rail Head
Solid Fe Magnet Coils: E-866 SM3 Magnet
I Shielding blocks from old beam line (Fermilab Today)

Targ S g Solid Fe Magnet Flux Return Iron: E-866 SM12 Magnet

* -
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SeaQuest Commissioning Run

Concentrating on J/y physics
because of short commissioning
run

Lots of good engineering data
and much to do

Will pick up post shutdown
2013-2015

E906 Spill Folded onto one (phase-locked) 60Hz Line Cycle

x—distribution of hits at S1 (Black: All, Blue: Dump Only)

8 10 12
Paddle #
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Fermilab E906/Drell-Yan Collaboration

Los Alamos National Laboratory

Gerry Garvey, Mike Leitch, Han Liu, Ming Liu, Pat McGaughey,
Abilene Christian University Joel Moss

Donald Isenhower, Mike Sadler, Rusty Towell, Shon Watson

University of Maryland

Academia Sinica Betsy Beise, Kazutaka Nakahara

Wen-Chen Chang, Yen-Chu Chen, Shiu Shiuan-Hal, Da-Shung Su

University of Michigan
Wolfgang Lorenzon, Richard Raymond

Argonne National Laboratory
John Arrington, , Kawtar Hafidi,
Roy Holt, Harold Jackson, David Potterveld,
Josh Rubin National Kaohsiung Normal University

Rurngsheng Guo, Su-Yin Wand

University of Colorado 60 COl Iaborato IS

Joshua Braverman, Ed Kinney, Po-Ju Lin, Colin West ={%¢=N

Yoshinori Fukao, Yuji Goto, Atsushi Taketani, Manabu Togawa
Fermi National Accelerator Laboratory

Chuck Brown, Dave Christian Rutgers University

Lamiaa El Fassi, Ron Gilman, Ron Ransome, Brian Tice, Ryan

University of lllinois Thorpe, Yawei Zhang

Bryan Dannowitz, Dan Jumper, Bryan Kerns, Naomi C.R Makins, Jen-
Chieh Peng
Texas A & M University

KEK Carl Gagliardi, Robert Tribble
Shin'ya Sawada
Thomas Jefferson National Accelerator Facility
Kyoto University Dave Gaskell , Patricia Solvignon
Kenlchi Imai, Tomo Nagae
Tokyo Tech

Ling-Tung University Ken-ichi Nakano, Toshi-Aki Shibata

Ting-Hua Chang

Yamagata University gg F ilab
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Before Project X: Rare Kaon Decays and
ORKA: The Golden Kaon Experiment

Observation of rare KAon Amplitudes, aka Orcinus orca

* -
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ORKA at the Main Injector

1000 events vs. current 7

CNET — — BARREL v VETO
MAGNET —__ s

. 4th Generation K™ = wvV

ex p e rl men t T-COUNTER —\\ _' / | RANGE STACK

B4 COUNTERS —_  ™_ = d ~—I-COUNTER
Ry ™

Incremental Improvements IRt

HOLE COUNTER —_ >

600 MeV/c

rd
CERENKOV COUNTER—" ]

K Stoppi ng rate X5 With BEAM CHAMBER ;_/'/ - A ) ‘ ,. ‘ ey ’ \\ . ,VI(‘Rnrl)l.IAAIR

- \
BEAM CHAMBER 2"~ ~ R N\ COLLAR VETO

ACTIVE DEGRADER —~ SN S V-COUNTER
) . -

comparable instantaneous

. N
rat e END CAP » VETO—" \\ S—TARGET
(T "\ DRIFT CHAMBER

Larger solid angle

T — I — 2.24 +0.07
Acceptance X 10 Deadfcimeleess DAQ 1.35

1.38 Can estimate

C - Larger solid angle
Flne Segmentatlon’ 1.25-T B field 1.12+0.05 errors
im proved I’eSO| utlons Range stack segmentation | 1.12 +0.06 on

+0.39
Photon veto 1657538 acceptances

from
experience

Improved target 1.06 = 0.06

Reduced BaCkg roundS Macro-efficiency 1.11 £0.07

Delayed coincidence 1.11 £0.05

Overall, >100 x sensitivity EE=E8
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K™ — vy in the Standard Model

- One of the few precisely predicted FCNC
decays with quarks: By (K" —7'vv)=(7.8+0.8)x 107

. A single effective operator (5,74, )(V.7,v,)

Dominated by top quark (charm significant, but
controlled)

Hadronic matrix element shared with Ke3

* -
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With enormous physics reach

Aside from flagship mode:

Process

Current ORKA Comment

Kt s ntvw
Kt 5 ntXx0
Kt =5 atx%i
— ntx0Xx0
-ty
— 1 Vheavy
— /,ﬁ"z/#,yl_/
— myy
I'(Ke2)/T(Kp2)
0

T — VvV

7r0 — ","XO

7 events 1000 events
< 0.73 x 10719 @ 90% CL <2x10712 K+ — ntuvi is a background
<43 x107° <4x10°8
<~ 4 x107° <4x1078
<23x107° < 6.4 x 10712
<2x1078—-1x10"7 <1x10710 150 MeV < m, < 270 MeV
<6x107° <6x1077
293 events 200,000 events
+0.5% +0.1%
<2.7x1077 <5x107 8 to <4 x 107 depending on tech nique
<5x 1074 <2x107°

* "
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ORKA Status

- Would use CDF Solenoid and Main Injector
Slow spill from MI using experience from SeaQuest

- The Lab is ensuring ORKA remains possible

Stage 1 Approval

Lab ensuring ORKA could re-use CDF Solenoid
Collaboration Growing

Refining and validating cost estimate
. Funding needs to be understood

* -
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World Program: NA62 and J-PARC

N L Events/yr 200
K" —>7nvy SIN 5

_ Precision 59
Now: B(K'— w'vv)=1.73":x107" &
*O(100) events, S/B=10; physics runs: 2014-15,
commissioning run with partial detector in 2012

P. Cenci, PX Workshop

0 0. — Events/yr “200”
K, > mvy SIN 5-10

Precision 5%

(7 events)

Future: Sensitivity at SM 7.8 x10™"!

B -8
Now: B(Kf — 'vv)<2.6x10 *starting beam power low by x50 but being worked on

Future: Sensitivity at SM 2.4x10_11 J-PARC plans a phase Il to reach higher sensitivity

* -
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Project X

Program:

and the Intensity e

Frontier

Stages matched to

8 GeV Neutrinos

8 GeV Muon
program

e.g, (9-2),
Mu2e-1

1-3 GeV Muon
program, e.g.
Mu2e-2

development of LTS
experiments

Nuclear edm
ISOL program
Ultra-cold
neutron
program
Nuclear
technology
applications

# Programs:

Total max
power:

Onset of
NOvVA
operations in
2013

470-700 kW**

15 kW
+0-50kW**

0-30 kWw**
(<30% df from
MI)

none

Stage-1:

1 GeV CW Linac
driving Booster
& Muon, n/edm

515-1200 kW**
0-42 kW* + 0-90

kw**
0-20 kW*

0-75 kW**
(<45% df from MI)

0-900 kW

0-900 kW

0-900 kW

2222 kW

Stage-2:
Upgrade to
3 GeV CW
Linac

1200 kW

0-84 kw*

0-20 kW*

1000 kW

1100 kW

0-900 kW

0-900 kW

0-900 kW

4284 kW

Robert Bernstein, Fermilab Annual S&T Review, Sept. 5-7, 2012

Stage-3:

Project X
RDR

2450 kW

0-172
kw*
0-172
kw*

1000 kW

1870 kW

0-1000
kwW
0-1000
kw

0-1000
kw

Stage-4:
Beyond RDR:
8 GeV power

upgrade to
4Mw

2450-4000 kW
3000 kw

1000 kW

1870

0-1000 kW

0-1000 kW

0-1000 kW

11870kW

2% Fermilab




Evolution of Fermilab Program at Project X

Project X

Neutrino oscillation, . Grows to full-scale LBNE with
sterile neutrinos staged development

X100 in current muon program

Charged LFV, Muon g -2, and enables world-leading
Kaons, Neutrino NSI program in muon cLFV and
kaons — multiple channels

EDMs and T-Violation - Requires Project X

* -
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Muon Physics at Project X

Who ordered that?
Still a good question after > 70 years

* -
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g-2, Mu2e, and the Muon Campus at
Project X

Each stage of Project X will
advance the physics reach of the
complex

This is just one possible evolution
that follows Project X staging

Stage 1: 1 GeV (x10 improvement)

Either continue running or reconfigure
MuZ2e

Stage 2: 1-3 GeV (x100 improvement)
optimum for Mu2e?

Stage 3: 3-8 GeV

Muons in more modes, next generation
g,~2 and EDM

Robert Bernstein, Fermilab Annual S&T Review, Sept. 5-7, 2012

i _—NEW 1GeVTIEIN =~ STAGE1 0-1GeV
TO BOOSTER ~ STAGE2 1-3GeV
» “ STAGE3 3-8GeV

EXISTING BEAMLINE

e e
&\ ; 1703 GeV CW BUFDINGe - |
AC

\
“. . 1GeVLINAC
. S
y &‘&‘Q
3 5 g
8 GeV TRANSPORT*\\", \ . a Al
> " PULSED LINAC "~
BUILDING ~ \
.~ &HATCH ~ —KLYSTRON GALLERY
L ~ BUILDING AND SERVICE BUILDING
CRYO

i
MAIN INJECTOR BUILDING

one possibility
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Next Step in cLFV Program: Requires Project X

No:
Statistics Key

Yes:
Statistics and Beam Structure

* -
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Case |: No Signal, Improve Search

The FNAL Booster/Existing Muon Campus will limit
statistical power: 10 muons/sec

About x10 limit on intensity from existing complex:
shielding, RF, etc. This is why MuZ2e traded intensity for
running time to save money: now three years instead of
originally proposed one year.

Project X can yield 10" muons/sec
3 GeV KE protons about optimal, nicely matched to PX.

. otherwise we may hit a systematic limit from backgrounds arising
from antiproton production.

Use of 1 GeV protons and recycling Mu2e study underway

Detector and Beam Improvements needed if Mu2e
continues at the Booster
not to say easy or well-thought-out but not qualitatively new

* -
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Case Il: Study a Signal

- Vary Z of target to study new physics
- Explicit link to neutrinos through 6,

V. Cirigliano et al., arXiv:0904.0957 [hep-ph]; Phys.Rev. D80 (2009) 013002
A 0,5.G. Fogli et al., arXiv:1205.5254

Rate /Rate in Al

3 ' .5t ~1o band on 6,,

V. Cirigliano, B. Grinstein, G. Isidori, M. Wise
Nucl.Phys.B728:121-134,2005

* -
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Signal: Absolutely Requires Project X

- Statistics will be vital

- Time Structure and flexibility will be essential:

MuZ2e: Vary Z Muon Lifetime in muonic Flexible time
atom shortens with Z structure

Want more Stopped Muon Experiments  Flexible time
channels: require low instantaneous structure
ut—ey , ut—etete” intensity, unlike Mu2e which

and perhaps is a captured muon

others experiment

and running all of these in a unified program needs flux

* -
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Technology of Upgraded MuZ2e

Aligned with Neutrino Factories and Muon Colliders:
Capture Solenoids with High Fields

. How Do You Build Them: layers, winding, splices,
heating, etc?

. Radiation Damage to Superconductors?

Manipulation of Phase Space of Muon Beams
. Momentum spread, time spread

Similar Problems in Mu2e, and recognized in community:

At NuFact 2012: three MuZ2e technology talks on above
questions, well-attended, lots of questions

* -
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Future: g -2, Kaons and Rare Decays

C. Smith, NA62 Physics Handbook, 12/9/2009

* -
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g,-2 Evolution

First see what this decade’s experiment says
Results by ~ 2017

Continue to improve theory errors (lattice HLBL)
Project X:

Negative Muons
Lower emittance muon beams, lessening systematics
Measure g -2 as a systematic check of u" result
Enables checks of CPT

New Techniques?
Frozen spin, ultra-cold beams

gu-2 IS a incisive probe: reduce errors, keep pushing limits

* -
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Precision Measurement of K, — n'vv
B(K}—>r'vV) = 2.8 x10™"

Nothing in, nothing out...

Two particles invisible, need positive ID of z°

n° backgrounds ~ 10° larger

principal problem: Kg N

Veto, Neutrons (typically neutron beam with
kaon contamination), hermeticity,...

Need a measurement of the background

* -
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Project X: K, — n°vv Experimental Concept

Use TOF to work in Kg
center-of-mass

|dentify and eliminate
background K — 7’7’

Reconstruct 7° — ¥y
with high-efficiency
pointing calorimeter

47 photon and charged
particle veto s

40 ns

Kaons

Need PX for time structure, 3 GeV for production

* -
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Grossman-Nir: Im(R)<|R| + lifetime + isospin
MFV: no new CP beyond CKM phase yields a straight line
LHT: Littlest Higgs with T-Parity

ConStraln | ng BS M phyS|CS RSc: Randall-Sundrum with " custodial protection”

SM4: 4th Generation

B(K, = n’vv) vs. B(K" - m'vV)

—
X
~
o
=
L~
=
e
=
X
o
=
—

2 3
10'° x BR(K* — ntuvp)

D. M. Straub,

* -
67 Robert Bernstein, Fermilab Annual S&T Review, Sept. 5-7, 2012 3¢ Fermilab




Electric Dipole Moments at Project X

ASNS 1ND

“n-EDM has killed more
theories than any other
single experiment”

REVIEW OF PARTICLE
ELECTRIC DIPOLE MOMENTS

* -
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Why EDMs?

« CP Violation and the Matter/Antimatter
Asymmetry in the Universe

Sakharov Criteria
Baryon Number Violation
CP & C violation
Departure from Thermal Equilibrium

Standard Model CP violation is insufficient

Must search for new sources of CP
B-factories, LHC, Neutrinos, EDMs

Electroweak Baryogenesis still viable
M. Carena, M. Quiros, A. Riotto, I. Vilja and C. E. Wagner,

Nucl. Phys. B 503, 387 (1997)
Li, Profumo, Ramsey-Musolf : arXiv:0811.1987
Cirigliano, Li, Profumo, Ramsey-Musolf: JHEP 1001:002,2010
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Origin of elementary EDMs

Energy

nuclear

EDMs of ] _
paramagnetic diamagnetic
~_ atoms (TI) atoms (Hg)

we will need multiple systems to
identify the origin of new CP violation

Electric dipole moments as probes of new physics

Annals Phys.318:119-169,2005 £& Fermilab




EDMs at Project X

-  What experiments are possible? (from PX workshop)

Proton EDM in storage ring
Uses infrastructure, expertise & high currents at Fermilab

Radioactive atom EDM
Isotope Separator On-Line (ISOL) production facility

Neutron EDM
High densities of Ultra-Cold Neutrons via spallation

- A new set of experiments for FNAL enabled by Project X
Still baryogenesis and leptogenesis, but different methods
Adds strong CP problem to experimental program
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Summary: Discovery and Discrimination
In an Evolving Program

B Current B Future

Proton decay
eutrinos (LNV)
LFV (muons)
Quark FCNC

EDMs*
(&-2)* \
CC (P)* / Rare / Forbidden processes:
CC (V) Precision measurements:  B» L LF CP violation searches
CC (S,T)* Amh. have largest reach -- special
NC (Moller) All relevant in the program of Status of “flagship” searches

NC (eq) reconstructing the new SM

4 6 8 12
EWSB

Log| 0 [/\MAx(GeV)]
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Summary: Discovery and Discrimination
at an evolving Laboratory

- Discovery.
MuZ2e can discover cLFV from SUSY processes and
much more because of our mass reach

g,-2 has enormous, complementary capabilities
Kaon system:
. new surprises or further constrains or both
- Discrimination:

LHC barely started, and may find surprises—and
SUSY is far from ruled out. The discriminating power
of cLFV, g,-2, and kaons is enormous.

« Evolution of FNAL

Muon Campus at Booster - Staged Project X
enabling this physics

* -
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Near-term FNAL Intensity Frontier Program

+ g,-2 in next few years, followed by MuZ2e at end of
decade, are world-class experiments

Addressing fundamental questions with huge discovery
potential

»+ Muon Campus and especially g -2 are re-using

FNAL/DOE investment and infrastructure

Adaptions of antiproton complex for two experiments with
potential for expansion

Re-using g -2 ring from BNL
- SeaQuest continues studies of QCD

And ORKA may provide incisive measurements of CP-
violating amplitudes
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Long-term possibilities

Project X can build on this program

. Muon Campus: Mu2e upgrades and a broad cLFV
program

. Kaon program : another potential view into BSM
physics

. EDMs can expand FNAL'’s horizon

partnership with nuclear fundamental
symmetry community
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Intensity Frontier Program Summary

Important experiments with huge impact

World-class physics starting with g,-2 and MuZ2e leading to
world-leading programs at Project X

Feasible: based on experience and known techniques

g,-2 and SeaQuest

Lab has put significant technical and computing resources
into Mu2e simulations (and is building a new cross-
experiment framework for IF computing)

Staff Leadership (on these four experiments):

Two Co-Spokespersons, Two Project Managers, One Early
Career Award

Lab Planning is Strategic and Optimized
Muon Campus and recycling of infrastructure
Staged Plan to Project X

* -
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Broad, coherent program studying
fundamental questions

The program is staged from the next few years and the
Muon Campus through Stages of Project X. It builds on
FNAL's expertise and core strengths

. Each stage has compelling physics and stands on its own
. Each stage leads to the next

. Intensity Frontier Program addresses the most basic
questions in our field with a steady and flexible plan
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